Abstract SO x uptake and release properties of LaMnO 3 , Pd/LaMnO 3 , LaCoO 3 and Pd/LaCoO 3 perovskites were investigated via in situ Fourier transform infrared (FTIR) spectroscopy, temperature programmed desorption and X-ray photoelectron spectroscopy. Sulfation of the perovskite leads to the formation of surface sulfite/sulfate and bulk-like sulfate species. Pd addition to LaMnO 3 and LaCoO 3 significantly increases the sulfur adsorption capacity. Pd/LaMnO 3 sample accumulates significantly more sulfur than LaMnO 3 ; however it can also release a larger fraction of the accumulated SO x species in a reversible fashion at elevated temperatures in vacuum. This is not the case for Co-based materials, where thermal regeneration of bulk sulfates on poisoned LaCoO 3 and Pd/ LaCoO 3 is extremely ineffective under similar conditions. However, in the presence of an external reducing agent such as H 2 (g), Pd/LaMnO 3 requires much lower temperature (873 K) for complete sulfur regeneration as compared to that of Pd/LaCoO 3 (973 K). Sequential CO and SO x adsorption experiments performed via in situ FTIR indicate that in the presence of carbonyls and/or carbonates, Pd adsorption sites may have a stronger affinity for SO x as compared to that of the perovskite surface, particularly in the early stages of sulfur poisoning.
Introduction
Alleviating the air pollution associated with emissions from mobile applications is an important global problem. Particularly, hazardous gases such as CO, NO x , SO x and unburned hydrocarbons have been recently subject to increasingly more stringent emission regulations [1] [2] [3] . In order to meet such tough regulations, automobile industry is constantly searching for alternative technologies and novel catalytic materials. Lean burn engines have become very popular in recent years as they offer high fuel efficiencies and lower CO 2 emission. NO x storage and reduction (NSR) catalytic technology is one of the most popular solutions for lean-NO x aftertreatment applications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . NO oxidation/reduction ability and resilience against sulfur/phosphorous [13, 15, 19, 20] are among the most vital capabilities that are essential for such NO x abatement (i.e. DeNO x ) applications. Precious group metals (PGM), particularly Pt, plays an important role in the DeNO x oxidation/reduction pathways. However the use of Pt is economically unfavorable, as it significantly increases the overall cost of the catalytic DeNO x system. Thus, search for Pt-free catalytic alternatives that can provide cost-effective and more competitive catalytic technologies has been carried out for a long time.
Along these lines, novel perovskite systems have been suggested as alternatives for catalytic NO oxidation and NO x storage [21] . Lanthanum-based perovskite catalysts in 2 Experimental
Catalyst Preparation
LaMnO 3 and LaCoO 3 were prepared by using the citrate route [32] . For further details regarding the synthesis and structural characterization, the reader is referred to the discussion provided elsewhere [33] . Palladium supported perovskite materials was synthesized via conventional wetness impregnation method utilizing palladium nitrate along with LaCoO 3 or LaMnO 3 , where the perovskite materials were originally calcined at 973 K for 5 h in air. The nominal Pd loading was 1.5 wt% Pd in all of the synthesized catalysts. After the Pd loading, catalysts were further calcined at 773 K for 5 h in air.
Instrumentation
FTIR spectroscopic measurements were carried out in transmission mode in a batch-type catalytic reactor [9] coupled to an FTIR spectrometer (Bruker Tensor 27) and a quadruple mass spectrometer (QMS, Stanford Research Systems, RGA 200). All FTIR spectra were acquired at 323 K. Prior to each experiment, materials were activated/cleaned using 2.0 Torr NO 2 gas at room temperature followed by heating at 973 K for 5 min under vacuum. NO 2 was prepared by the reaction of NO (99.9 % purity, Air Products) with O 2 (99.999 % purity, Linde AG) and further purified by subsequent freeze-pump-thaw cycles.
Poisoning experiments were carried out by exposing the sample surfaces to 2.0 Torr SO 2 ? O 2 gas mixture (SO 2 :O 2 = 1:10) at 300 K (SO 2 purity [99 %, Air Products). Then, samples were annealed to 323, 373, 473, 573, or 673 K and kept at these given temperatures for 15 min in the presence of the gas mixture. Thermal regeneration of the sulfur-poisoned perovskite catalysts was performed via annealing (heating rate = 12 K min -1 ) at temperatures within 473-1073 K, where the samples were kept at chosen temperatures for 10 min in vacuum. Desulfation/reduction experiments with H 2 (99.995 % purity, Linde AG) were carried out by exposing the pre-sulfated samples (using the sulfation protocol given above) to 2.0 Torr of H 2 at 300 K followed by heating at various temperatures (i.e. 673-873 K for LaMnO 3 , and 673-973 K for LaCoO 3 ) in the presence of H 2 for 15 min. For the sequential SO x and CO adsorption experiments, material surfaces were initially saturated with 50.0 Torr of CO (g) (99.995 % purity, Air Products) for 1 h at 323 K followed by evacuation at Ex-situ XPS analysis was performed using a SPECS photoelectron spectrometer equipped with a monochromatic Al Ka X-ray source (1486.74 eV, 200 W) and a PHOIBOS-100 hemispherical energy analyzer with a MCD5 detector. Prior to the XPS analysis of the sulfur poisoned catalysts, catalyst surfaces were exposed to 10.0 Torr of SO 2 ? O 2 gas mixture (SO 2 :O 2 = 1:10) and annealed at 673 K for 30 min in the presence of the gas mixture.
Results and Discussion

Material Characterization
The detailed characterization of perovskite materials via XRD, TEM, BET, XPS, and Raman Spectroscopy was previously reported in one of our former publications [33] . XRD patterns of these materials revealed only perovskite phases with a major diffraction signal at 32.56°for LaMnO 3 and 32.84°, 33.21°for LaCoO 3 . Pd or PdO x were not detected in the XRD measurements, however, TEM and XPS investigation clearly verified the presence of PdO/ PdO x particles with an average particle size of ca. 4 nm. The relative surface atomic ratio of perovskite samples determined by XPS measurements showed that the surface of these materials were enriched with lanthanum; most probably due to the presence of La 2 (CO 3 ) 3 , La(OH) 3 and/or amorphous La 2 O 3 domains.
FTIR Spectroscopic Analysis of SO x Uptake/
Release SO x uptake and release properties of LaMnO 3 and Pd/ LaMnO 3 perovskite materials were investigated via in situ FTIR as shown in Fig. 1 . Sulfation of LaMnO 3 and Pd/ LaMnO 3 reveals FTIR spectra with similar line shapes (bottom set of spectra in Fig. 1 ). Four main vibrational features at ca. 1240, 1140, 1058, and 987 cm -1 are observed. While two of the former features are assigned to bulk-like sulfates, the latter two are attributed to bidentate surface sulfate species [13, 15] . The minor feature at 912 cm -1 , which is observed at the initial stages of sulfation is assigned to sulfite-like species [29] . Thermal annealing of pre-sulfated surfaces to 1073 K revealed sharper features at 1179, 1106, 1064, and 990 cm -1
. The second quadruplet was previously associated with bulk or subsurface sulfates as these species showed higher resistance towards reduction by NH 3 [34] .
Considering the difference in scale bars of Fig. 1a , b (i.e. 0.2 and 0.6; respectively), one can readily realize that sulfation of Pd/LaMnO 3 (Fig. 1b) leads to almost three times higher SO x -related IR absorption intensities as compared to that of Pd-free counterpart (Fig. 1a) . Although it is not that feasible to make an accurate quantitative comparison of adsorbed SO x species solely based on integrated FTIR spectra (due to differences in IR absorption cross sections of dissimilar oscillators and vibrational intensity transfer processes between oscillators [35] ), it can be qualitatively argued that the presence of Pd leads to an increase in the SO x uptake. This argument is also strongly supported by the XPS data that is presented in the forthcoming sections. It is most likely that exposed Pd sites catalyze the SO 2 oxidation and facilitate the sulfate accumulation on the catalyst surface. This increase in sulfur adsorption can be also tentatively attributed to the modification in the oxygen mobility of the perovskite surface due to the partial substitution of Pd into the B-sites of the perovskite on the surface [26] . Thermal regeneration of sulfur species in vacuum (middle sets of spectra in Fig. 1 ) at 373-673 K does not reveal any significant changes in IR spectra of LaMnO 3 and Pd/LaMnO 3 . However, after annealing at 873 K, the IR features associated with surface sulfates (i.e. 1058/1063 and 987/993 cm -1 ) start to diminish. Most of the surface sulfur species are removed after annealing at 1073 K (Fig. 1a, b) while bulk-like sulfate related features at 1179, 1106, 1064, and 990 cm -1 still persist to exist even after high temperature thermal regeneration in vacuum [29, 36] . IR absorption intensities of the bulk sulfates are almost identical for both materials after the thermal treatment at 1073 K (note the difference in y-axis scale bars in Fig. 1a, b) in spite of the fact that Pd/ LaMnO 3 (Fig. 1b) initially adsorbs more SO x than LaMnO 3 (Fig. 1) .
S-poisoned materials were also reduced under H 2 atmosphere in the temperature range of 673-873 K as illustrated in the top most sets of spectra in Fig. 1 . Sulfates formed on LaMnO 3 are resilient to reduction up to 773 K (Fig. 1a) , however, most of the bulk and surface sulfates are removed after reduction at 873 K. On the other hand, the sulfates on Pd/LaMnO 3 are less stable under reducing conditions as shown in Fig. 1b . On the sulfated Pd/ LaMnO 3 catalyst (Fig. 1b) , sulfate vibrational features significantly diminish even at 773 K and are completely removed at 873 K in the presence of hydrogen, while for LaMnO 3 (Fig. 1a) , a significant portion of sulfates continue to exist on the surface at 773 K in hydrogen. Enhancement of sulfate reduction via H 2 in the presence of Pd can be explained by the dissociative chemisorption of H 2 on Pd sites and H-spill-over onto the perovskite surface [37] . A similar effect was also reported in the literature for an entirely different reaction where Pd/LaMnO 3 and Pd/ LaCoO 3 were found to exhibit higher methane conversion after sulfur regeneration via H 2 [26] .
Identical FTIR experiments were also performed for Cobased perovskite materials (Fig. 2) . FTIR spectra acquired upon sulfation of LaCoO 3 and Pd/LaCoO 3 at various temperatures (i.e. bottom set of spectra) are very similar to that of the Mn-based materials (Fig. 1) [33] . Thus, the higher SSA of Mn-based perovskites lead to a higher total SO x uptake. As well as the surface area, relative surface basicity of perovskite materials also plays a significant role for SO 2 adsorption capabilities. It was stated in the literature that LaMnO 3 has a greater CO 2 adsorption capacity than that of LaCoO 3 , indicating a greater surface basicity of the former perovskite [26] .
Thermal stability of SO x species on LaCoO 3 and Pd/ LaCoO 3 in vacuum are presented in the middle sets of spectra given in Fig. 2 . SO x species on both surfaces are stable on the catalyst surfaces up to 873 K. However, after annealing in vacuum at 1073 K, the Co-based perovskite samples reveal stark changes corresponding to the formation of bulk sulfates evident by the vibrational features located at 1166, 1102, and 1064 cm -1 [34] . Furthermore, distinctly sharp vibrational features corresponding to these bulk sulfate species may be associated with the formation of well-defined/ordered metal-sulfate domains such as La 2 3 and Pd/LaCoO 3 , where SO x species seem to almost disappear after reduction at 973 K. Unlike the Mn-based perovskites, where almost complete SO x elimination was achieved at 873 K (upper sets of spectra in Fig. 1 ), LaCoO 3 and Pd/ LaCoO 3 exhibit a relatively limited SO x reduction capability in H 2 (upper sets of spectra in Fig. 2 ). This can also be attributed to the formation of cobalt sulfates and partial destruction of the perovskite structure after the poisoning process [31, 39] .
Reduction of the Co-based perovskites with H 2 also reveals a very striking spectral alteration at elevated temperatures where the baselines of the IR spectra undergo a significant modification and become oblique. Considering the fact that optical conditions in the spectroscopic setup as well as the positioning of the catalysts in the spectroscopic cell were invariant, this baseline deviation might be associated with electronic and structural aberrations in the LaCoO 3 and Pd/LaCoO 3 catalysts. It is likely that under these reducing conditions, the structural integrity of the Cobased perovskites was compromised, which may be associated with the reduction of the Co 3? (B-site) cations, partial destruction and phase segregation of the perovskite structure and formation of Co 0 /CoO/La 2 O 3 domains [25, [40] [41] [42] [43] . This phenomenon has also been reported in one of our previous studies [33] where it was observed that interaction of Co-based perovskites with H 2 in the absence of SO x species also led to the partial destruction of the perovskite structure and the reduction of Co 3? sites. This particularly mild reduction phenomenon is rather reversible, where exposing the partially reduced Co-based perovskites to air under ambient conditions allows the recovery of the perovskite structure as verified by XPS, XRD and Raman spectroscopic analysis (data not shown). Thus, it is likely that the mild and reversible reduction process taking place during the current experiments on the Co-based perovskites predominantly affects the surface/ near-surface region of the catalysts without inflicting an irreversible bulk/deep reduction [41] . Furthermore, comparison of the extent of the baseline tilt upon reduction reveals a less prominent effect for Pd/LaCoO 3 compared to LaCoO 3 . This behavior has also been discussed in our former report [33] , where we have demonstrated that Pdsupported perovskites has a favorable influence on the preservation of the structural stability of Co-based perovskites under reducing conditions. It should be noted that although Pd/LaCoO 3 was found to have the highest NO x storage capacity among all other investigated perovskites [33] , it has also a higher tendency for sulfur uptake.
Quantitative Surface Analysis via XPS
XPS analyses were performed in order to provide a semiquantitative basis for the relative sulfur uptake of the investigated catalytic architectures. Figure 3 presents Mn/ La and S/La relative surface atomic ratios that were evaluated from the integrated intensities of the Mn2p, La3d 5/2 and S2p core level photoelectron spectra of the LaMnO 3 and Pd/LaMnO 3 samples after sulfation or after reduction of sulfates in H 2 (g). Note that prior to the XPS measurements, samples were treated with significantly higher (i.e. fivefold greater) SO x exposures as compared to that of the in situ FTIR experiments given in Figs. 1 and 2 in order to improve the signal to noise ratio (S/N) of the S2p XP spectra. The insets in Fig. 3 present FTIR spectra of the same samples investigated in the XPS experiments which were exposed to high levels of SO x . It should be noted that in all samples except Pd/LaMnO 3 , which was sulfated and subsequently reduced, sulfur was found only in the form of SO 4 2-(i.e. S 6? ). On the surface of the reduced Pd/LaMnO 3 sample, along with sulfates, some sulfites and sulfides were also detected with a relative abundance of 100:10:15, respectively. The reduction of the sulfated LaMnO 3 sample leads to a significant decrease in the S/La ratio (i.e. by *30 %). Based on the XPS data, Pd/LaMnO 3 seems to accumulate twice the amount of SO x with respect to LaMnO 3 . However, Pd/LaMnO 3 catalyst also seems to eliminate a greater fraction (ca. 45 %) of the adsorbed SO x species upon reduction. These results are in good agreement with the corresponding FTIR spectra presented in the insets. The perovskite surfaces are enriched with lanthanum as was discussed in detail in one of former reports [33] . It is also worth mentioning that no appreciable changes in the surface Mn/La ratios were detected after sulfation and reduction of both LaMnO 3 and Pd/LaMnO 3 catalysts, reflecting the structural stability of these systems against sulfation and reduction with H 2 .
Similar XPS analysis measurements were also carried out for Co-based perovskite catalysts (Fig. 4) . For the sulfated LaCoO 3 and Pd/LaCoO 3 samples, sulfur was only found in the S 6? state (i.e. in the form of sulfates). On the other hand, for the sulfated and reduced Pd/LaCoO 3 sample, sulfite and sulfide species were also detected with relative SO 4 2-:-SO 3 2-:S 2-abundances of 100:11:35, respectively. The sulfur content does not decrease significantly upon reduction of the sulfated LaCoO 3 sample. As in the case of Mn-based perovskites, Pd addition into the LaCoO 3 system favorably enhances the regeneration performance under hydrogen. This is evident by the strong decrease in the S/La ratio (ca. 55 %) of Pd/LaCoO 3 after reduction, in spite of the decrease in the relative abundance of La on the surface (i.e. attenuation of the Co/La ratio after reduction of the poisoned surface). Relatively strong alterations in the Co/La ratios of LaCoO 3 and Pd/LaCoO 3 surfaces upon reduction reflects the relative instability of these perovskites under reducing conditions which is in agreement with the baseline tilt observed in the corresponding FTIR spectra given in the insets of Fig. 4 [25, [40] [41] [42] [43] . 
Preferential Adsorption Sites for SO x (g)
An important aspect that is worth investigating is to determine whether SO x species has any preference for particular adsorption sites on the Pd/LaMnO 3 and Pd/ LaCoO 3 catalyst surfaces. In order to investigate this issue, CO was used as a probe molecule in the competitive sequential adsorption of SO x and CO. Since CO can potentially adsorb on both Pd and perovskite sites, its coadsorption/substitution with/by SO x may yield some insight regarding poisoning of different adsorption sites on the catalyst surface. FTIR spectra recorded after CO saturation of the fresh and pre-sulfated (i.e. poisoned) Pd/LaMnO 3 surfaces are presented in ) corresponds to a-top coordination, the latter two features at 1980 and 1931 cm -1 correspond to CO adsorbed on two and threefold coordination sites on metallic Pd, respectively [44] [45] [46] [47] [48] . It is important to mention that XPS analysis of the Pd/LaMnO 3 and Pd/LaCoO 3 samples reported in our former studies [33] indicates the presence of exclusively oxidized Pd states (i.e. Pd 2? ) after the catalyst synthesis, without any indication of metallic Pd surface sites. Thus, it is apparent that in the presence of excess CO (i.e. 50 Torr), PdO/PdO x surface species are reduced to metallic Pd 0 species (Fig. 5) . This argument is in very good agreement with previous observations reported in the literature, where Tessier et al. showed that surface PdO species can be readily reduced to metallic Pd in the presence of CO (g) at room temperature [49] . The lack of CO vibrational features within 2120-2110 and 2180-2160 cm -1 in Fig. 5 , which are associated with CO adsorbed on Pd ? and Pd 2? species [49] , respectively; also indicates the absence of oxidized Pd surface sites on COsaturated Pd/LaMnO 3 surface.
On the other hand, vibrational features in Fig. 5 at 1504, 1463, and 1346 cm -1 can be attributed to carbonate species on the perovskite sites of the Pd/LaMnO 3 surface due to the presence of Lewis-basic surface sites [50] [51] [52] . Lack of oxidized Pd adsorption sites due to the reducing effect of CO also enables us to rule out the presence of carbonates on the Pd-containing domains to a great extent, suggesting that carbonates are likely to be formed mostly on the perovskite sites. An identical CO exposure was also introduced over the pre-sulfated (2.0 Torr of SO 2 ? O 2 gas mixture, SO 2 :O 2 = 1:10, 673 K, 30 min) Pd/LaMnO 3 surface (bottom spectrum in Fig. 5 ) at 323 K. Note that in this poisoning treatment, a high temperature of 673 K was employed, in order to ensure strong sulfation. No vibrational features related to CO adsorption was detected on the pre-sulfated Pd/LaMnO 3 surface indicating that both Pd and perovskite sites are poisoned simultaneously. FTIR Fig. 5 clearly demonstrate that under extreme poisoning conditions, adsorption sites on the Pd/ LaMnO 3 catalyst surface are poisoned in a rather nonpreferential manner. Figure 6 illustrates the FTIR experiments where SO x mixture (2.0 Torr of SO 2 ? O 2 gas mixture (SO 2 :O 2 = 1:10) was gradually introduced over the CO pre-adsorbed (topmost black spectra) surface. In these set of experiments gradual displacement of the relatively weakly bound pre-adsorbed CO species with strongly bound SO x species are apparent. Spectra in Fig. 6 suggest that SO x species can readily substitute relatively weakly adsorbed carbonyl functionalities on the Pd sites [45, 53] , while carbonate species formed on the perovskite sites reveal a stronger resistance against displacement due to their relatively higher adsorption energy [54] . In addition, these results also do not rule out the possibility that Pd sites can be relatively more prone to sulfur poisoning with respect to that of the perovskite adsorption sites during the initial stages of poisoning. Under regular operational regime of a DeNO x catalyst, a significant amount of CO and CO 2 exists in the gas stream together with SO x species. Thus, it is likely that carbonate functionalities located on the perovskite domains may direct the SO x species towards the available Pd sites during the initial stages of poisoning. In other words, it is plausible that Pd sites may function as sacrificial sites at least during the initial stages of sulfur poisoning. Considering the operation of an NSR catalyst where the catalyst undergoes frequent switches between lean (i.e. oxidizing atmosphere where competitive NO x /CO x /SO x uptake occurs) and rich (i.e. reducing atmosphere where NO x / CO x /SO x reduction takes place) cycles; the catalyst is typically in a partially-poisoned state. Thus, the sulfur poisoning behavior of such catalytic systems may be predominantly governed by the initial stages of SO x uptake as described above.
It is worth mentioning that similar competitive CO/SO x adsorption experiments were also carried out on the Pd/ LaCoO 3 catalyst. However since this surface is opaque to the transmission of IR radiation above 1700 cm -1 , (i.e. the IR spectral region where the metal carbonyl features are located), no comparable data was obtained in these experiments. However, based on the similarities in the NO x [33] and SO x adsorption properties of Pd/LaMnO 3 and Pd/LaCoO 3 surfaces, we anticipate a similar interplay between CO and SO x on Pd/LaCoO 3 as in the case of Pd/ LaMnO 3 .
Effect of S-poisoning on the NO x Adsorption
Capacity of Perovskites Figure 7 illustrates FTIR spectra taken after NO x saturation of fresh and sulfated LaMnO 3 and Pd/LaMnO 3 samples. The black spectra correspond to NO x adsorption on fresh material and red spectra correspond to NO x adsorption on pre-sulfated material surface. Assignment of the nitrate/ nitrite absorption features on fresh perovskite surfaces was discussed comprehensively in one of our former reports [33] . Briefly, IR features located at around 1649 and 1009 cm -1 can be assigned to asymmetric and symmetric stretching modes of bridging nitrate species on the perovskite surfaces, respectively [55] . Features located at 1530 and 1269 cm -1 can be attributed to stretching vibrations of monodentate nitrates. The IR features at 1568 and 1246 cm -1 correspond to bidentate nitrates [56, 57] . The set of characteristic features observed at 1487, 1430, 1321, and 839 cm -1 can be ascribed to nitrito species on the perovskite surface [58] [59] [60] [61] . It should be noted that NO x species (i.e. nitrites and nitrates) residing on Pd sites are difficult to discern from the NO x species adsorbed on the perovskite domains due to the relatively low loading of Pd present in the catalyst formulation as well as the overlapping vibrational frequencies. Thus, the competitive adsorption trends observed for the data presented in Figs. 6 is not trivially visible in the data presented in Figs. 7 and 8.
It is obvious that pre-sulfation leads to suppression of nitrate/nitrite related features of NO x saturated LaMnO 3 and Pd/LaMnO 3 samples demonstrating competition between SO x and NO 2 for the same adsorption sites (Fig. 7) . Suppression of the nitrate/nitrite features upon NO 2 adsorption after sulfur poisoning can be readily explained by the occupation of some of the NO x adsorption sites by the thermodynamically more stable surface sulfate species and formation of species such as La 2 (SO 4 ) 3 [28, 38, 62] . In Fig. 7a , relative vibrational intensity of 1322 cm -1 (nitrite species) diminishes more visibly as compared to the feature at 1263 cm -1 (monodentate nitrates) after sulfur poisoning. Similarly, on Pd/LaMnO 3 (Fig. 7b) , attenuation in the relative vibrational intensity of 1328 cm -1 (nitrite species) is more pronounced as compared to that of 1279 cm -1 (monodentate nitrates) upon sulfur poisoning. This behavior reveals that monodentate geometry of surface nitrates becomes more preferable after sulfation of the surfaces probably due to the limited number of available perovskite adsorption sites on the poisoned materials.
As already demonstrated in our previous report [33] , the total NO 2 adsorption capacity of fresh LaMnO 3 and Pd/ LaMnO 3 are comparable to each other. However, after sulfur poisoning, Pd/LaMnO 3 accumulates less NO 2 . Figure 7a indicates that the IR bands associated with the NO x species on the Pd-free LaMnO 3 sample have a moderate attenuation upon S-poisoning. On the other hand, the Pd/ LaMnO 3 sample (Fig. 7b) reveals a stronger attenuation. This is in perfect agreement with the results presented in previous sections suggesting that Pd-supported perovskite materials leads to higher SO x accumulation/adsorption on the surface.
Top Catal (2017) 60:40-51 47 An identical set of experiments was also performed for the LaCoO 3 and Pd/LaCoO 3 materials (Fig. 8) . After sulfation, the 1322 cm -1 (nitrito species) and 1242 cm -1
(bidentate nitrates) bands are suppressed while the band at 1293 cm -1 (monodentate nitrates) still persists. Thus, as in the case of Mn-based perovskite systems, Co-based perovskites also lose their NO x storage capacity significantly upon SO x poisoning with the formation of lanthanum and cobalt sulfate species [28, 31, 38, 39] .
Sulfur Regeneration Under Vacuum via TPD Analysis
TPD experiments were carried out in order to examine the thermal regeneration characteristics as well as the relative adsorption strengths of adsorbed sulfur species on each synthesized perovskite material in the absence of an external reducing agent. Only O 2 , H 2 S, and SO 2 desorption channels (corresponding to mass to charge ratios of m/z = 32, 34, and 64; respectively) revealed significant QMS signals during the TPD experiments. Note that since the contribution of SO 2 and H 2 S to the m/z = 32 desorption signal is relatively minor. Thus, m/z = 32 desorption channel can be predominantly attributed to O 2 desorption. Figure 9 Absorbance (arb. u.) 3 . All spectra were acquired at 323 K in vacuum. Note that the background FTIR spectra for the red curves were obtained after sulfur poisoning and before NO 2 adsorption dependences in Fig. 9a suggests that within the thermal window investigated in the TPD experiments (i.e. 323-1073 K), sulfates desorb in the form of SO 2 (g) ? O 2 (g) from the LaMnO 3 surface. It is also apparent in Fig. 9a that the maximum temperature that can be attained in the current TPD setup (i.e. 1073 K) is not sufficient to remove most of the SO x species from the LaMnO 3 surface evident by the monotonically increasing desorption signals with increasing temperature without any desorption maxima. In other words, thermal SO x desorption maximum of LaMnO 3 is located at T [ 1073 K. This is in perfect agreement with the in situ FTIR spectra presented in the middle section of Fig. 1a , corresponding to experiments reflecting similar conditions. On the other hand, SO x -TPD data for the Pd/ LaMnO 3 (Fig. 9b) indicates noticeable dissimilarities both in terms of relative desorption temperatures and desorption intensities as compared to that of Fig. 9a . For Pd/LaMnO 3 , m/z = 32 and m/z = 64 desorption channels reveal intense temperature maxima at ca. 950 K. It is apparent that the presence of Pd sites noticeably facilitates the thermal decomposition of SO x species in the form of SO 2 (g) ? O 2 (g). This observation is in very good agreement with the in situ FTIR data given in the middle section of Fig. 1b at 1073 K, representing conditions that are comparable to the ones corresponding to the completion of the TPD experiments. Figure 9c , d show similar SO x -TPD experiments for LaCoO 3 and Pd/LaCoO 3 catalysts; respectively. The most prominent feature of these TPD data are the relatively weak desorption maxima located at ca. 970-980 K suggesting the simultaneous evolution of SO 2 (g) ? O 2 (g). However, unlike the data in Fig. 9a , b, TPD data given in Fig. 9c , d also present a shoulder at T [ 1000 K where O 2 (g) desorption intensity exceeds that of the SO 2 (g) signal. This observation suggests that at elevated temperatures, it is likely that in addition to the thermal decomposition of sulfates [SO 4 2-(ads, bulk)], cobalt-based perovskites also undergo thermal reduction at elevated temperatures leading to the formation of oxygen vacancies, partial destruction of the perovskite lattice and the formation of thermallystable new species such as La 2 (SO 4 ) 3 , La 2 (SO 3 ) 3 , CoSO 4 , CoSO 3 , Co 2 (SO 3 ) 3 , and Co 2 (SO 4 ) 3 . This argument is in line with the formation of sharp and intense vibrational features for the 1073 K spectra in the middle section of the Fig. 2a, b . Figure 10 shows the m/z = 34 desorption channel corresponding to H 2 S (g) evolution which is acquired simultaneously with the set of TPD spectra given in Fig. 9 Fig. 10 that within the investigated thermal window, H 2 S evolution is relatively limited for all samples except for Pd/LaMnO 3 . This can possibly be attributed to two factors. Firstly, the SSA of Pd/LaMnO 3 is almost three times greater than that of the LaCoO 3 and Pd/LaCoO 3 catalysts. Thus, on the Pd/LaMnO 3 catalyst, the presence of -OH minority species might be more pronounced than the cobalt-based samples, allowing the observation of a more significant H 2 S (g) desorption signal. Secondly, it is also probable that H 2 S (g) desorption process is catalyzed by the surface Pd sites, as it is not observed on the LaMnO 3 surface which lacks any Pd species.
Conclusions
In the current work, LaMnO 3 , Pd/LaMnO 3 , LaCoO 3 and Pd/ LaCoO 3 perovskite catalysts were synthesized and their structural as well as sulfur poisoning properties were thoroughly studied by means of in situ FTIR spectroscopy, XPS, and TPD. Our findings can be summarized as follows:
• SO x adsorption capacity of LaMnO 3 (per mass of catalyst) is greater than that of LaCoO 3 . This can tentatively be attributed to the significantly higher specific surface area.
• SO x adsorption capacity significantly increases in the presence of Pd for both Mn-and Co-based perovskites.
• On Co-based perovskite systems, surface sulfates transform (at least partially) into stable bulk sulfate species at T C 1073 K in the absence of a reducing agent.
• Sulfates on LaMnO 3 
